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Article history:

Despite the wide industrial applications of planetary gear trains, the relationship

Received 17 November 2014 between the design parameters (tooth profile, carrier mass, etc.) and performance
Revised 17 February 2015 (strength, vibration, noise, etc.) remains poorly understood. A significant amount
Accepted 4 May 2015 of research has focused on transmission errors, which are measurable performance
indicators directly related to the design parameters. Herein, an experimental test rig
Keywords: . for a single-stage planetary gear set built using digital angular encoders and gap
Planetar:y _gear train sensors is described. To study the static and dynamic characteristics of this
Transmission .ermr planetary gear train, the transmission errors and sun gear orbit are analyzed from
Sun gear orbit the data measured under various levels of torque and speed. The transmission
Experimental measurement errors of the gear train decrease 40% when the speed increases from 30 to 600
rpm with an output torque of 39.2 Nm, and increase 22% when the output torque

increases from 19.6 to 39.2 Nm with an input speed of 30 rpm.
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Fig. 2 Schematics of the planetary gear transmission error (TE)
measurement set up

Coupling Bearing block Coupling

Bearing block

. 1 stage
Gear spec. Unit
Sun ‘ Planet ‘ Internal
Tooth form - spur J ‘
Normal module - 15 (‘";e‘r\:;:jo(t:‘:mu J Jaw coupling I‘ Planetary geartrain \ Jaw coupling I“ (mis[n:g”:l:_gti;"m]
Torque meter Incremental Incremental Torque meter
No. Of teeth _ 30.0 ‘ 63.0 ‘ -159.0 (20kgf.m) encoder(input) encoder(output) (200kgf.m)
Pressure angle degree 20 Fig. 3 T:;Z planetary gear TE measurement set up built in this
s
Helix angle degree 0 y
Reft dia. 30.0 63.0 -159.0
clerence dia mm Table 2 Specifications of the test equipments
Modification coe. - +0.4312 +0.2860 | +0.3380 -
Material - SCMA20H Equipment Maker Model Spec.
Heat treatment carburizin Servo motor YAS- SGMGV Rated : 2.9 kW,
g KAWA 30A 18.6 N, 1,500 rpm
F idth 1.
ace widt mm 37 ‘ 35 ‘ 315 Input SETEC YDRA Max : 20 kgr-m,
Hardness (HRC) - 58 - 62 torque meter -20KM 4,000 rpm
Center distance mm 475 . .
Output SETEC YDRA ax : 100 kgr-m,
Class (JIS) ] 4 | 4 | 6 forque meter -100KM 4,000 rpm
No. of planet - 3 Encoder BHW 40000-EP-A 40,000 ppr

321



Jinseop Song et al.

a%) 30 9 34 2ok
9] 53] 24o] 153

rir
2
JP>
tr
s
—d
iy
Kel——
X,
offt
e
e
Jou =
2
r&

3.1 e dnt 24 Ul
- 71019 Aeeaks dgAde A E 7IeoR 4w
Fig. 4 Installed gap sensors for the sun gear orbit measurements = oAk U]'[gl B =oAe IAMAE 7|Eo R 3 AgeA &

& A gste] AdAAE FHsHAT & AolA 9} o] F7

SGMGV-30A,-30D o7} 1A FH L 7‘—‘—‘3] 7} RS 711EHYY 2957 oF)
3500 AW (0,)Z 71FOE F ALK TE,,)E A ()T 2ol F
3000 o & gl ]L‘H te AT 0,2 HEFR7105) IS
2500 UERATH
2000 TE,,t)=0,(t)— R« 0,(t) )

1500

1000 71 EZQle] AEeas 3] g 7101x|9 2dF7]l

Motor Speed (min)

500 A3 EAL 183 o] 239, o2 3l 4 (2)9} 2o
0 SA AR ZAHE YEHFY AU E 2HF A
0 5 101520 2530 35 40 45 50 g 7|FoE 53d 1402

A8 3, 4 3)3} o] Flol
l

o
Torque (N-m) B(fourier transform)< 5=

Aol Basifl. o), = 4]
Fig. 5 Servo motor operating range curve: ‘A’ for continuous, (4)01]/‘1 He Hieh 2ol 7o ‘7l:'q"l"(f c)oﬂ og) Fardzte
‘B’ for short term operation (normalized) 37} At
Table 3 Test conditions TE (t)— TE ,(6.) )
out out \Vc
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1/2/3 30 0.4/2.0/4.0 400 100 H=f/f @)
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Fig. 7 TE spectra in displacement for Test 9 in Table 3
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Fig. 8 TE spectra in acceleration for Test 9 in Table 3
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Fig. 9 TE spectra for Test 9 in Table 3 - sidebands of the 1%
mesh harmonic
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Fig. 10 TE spectra for Test 9 in Table 3 - sidebands of the 2"
mesh harmonic



Jinseop Song et al.

= (2rHf)? « TE,, (14)  #2 Fig. 9 9 Fig. 100149} Zo] w4stmYo] 105, 108, 210,
21394 #ZEHAT Fig. 11~Fig. 16014+ o83 47]9] w45}

Fig. 7% 7H45E 29 EZH O E M3 Z1& Fig. 89 A
fe TE T 2EE AL Fig STHEIR g ma gwel 290 s e,
A%3h 4oe] 73] FREE HUlH O Fasn TR i . i
- Fig. 11~Fig. 132 7} el 24X 3A&E vl o2
=2 RS T . . m
14 9 2% Rog FHoE APARE RS NG i o

ol 7+ A (Fig. 11)ol= EZ 2317} 19.6 Nm o4l A9
(Fig. 12, Fig. 13)°l| wla] Ag2a7} 108 o4 2A Yebgth
IAETT} M E AL Ae AR fadhe 4TS Hol
A5, 22F REAE A& E7} Z/1EFE A9t Ztst

e}
= 4gE 328 £ 9ok 285 E37} 392 Nm 219 A9l

-4 X 104
12 X1 I 1.2 no b
1t | Snd”1 | ETest 1 Lol !{; ond H Test 2
9 o b Test 4 0.9 o
i kel Test 7 ' M Test 3
6 ! 0.6 !
! !
i !
3 i 0.3 !
! !
i !
0 : 0.0 :
105 108 210 213 105 108 210 213
f/f. t/i.
Fig. 11 TE spectra peaks for output torque 3.92 Nm Fig. 14 TE spectra peaks for input speed 30 rpm
- X 104
12 107 L 1 1.2 bV
C1s i on o (MTest2 ARl v L2 ETests
09 o u Test 5 0.9 o
i i ld Test 6
0.6 ! 0.6 !
I
! i
0.3 i - 0.3 !
i i !
i . Bt it i
0.0 =25 Lz . AP 3 0.0 -
105 108 210 213 105 108 210 213
/1. /1.
Fig. 12 TE spectra peaks for output torque 19.6 Nm Fig. 15 TE spectra peaks for input speed 120 rpm
-4 -4
1 X10 —— 12 X 10 _
1 i pnd | MTest3 Cre e T gTest 8
0.9 : } ld Test 6 0.9 . :
i . d Test 9
0.6 ! 0.6 !
1 |
i |
0.3 0.3 !
I
i
0.0 0.0 :
105 108 1, 210 213
Fig. 13 TE spectra peaks for output torque 39.2 Nm Fig. 16 TE spectra peaks for input speed 60 rpm

324



Journal of the Korean Society of Manufacturing Technology Engineers 24:3 (2015) 320~326

0.1

0.05

¥ [mm]
v [mm]

=S

30 rpm 0 Nm

005
x [mm]

600 rpm O Nm

005
x [mml

.15

v [mm]
¥ [mm]

30 rpm 19.6.Nm 600 rpm 19.6 Nm

0.1 -0.05

X [mm]

005
x [mml

y [mm]
y Imm]

30 rpm 39.2 Nm 600 rpm 39.2 Nm

<01 -005

x (mml

-0.05 0 0.05

X [mm]

0.1 Q

Fig. 17 Measured sun gear orbits for six test conditions at two
speeds and three torques

Fig. 1304 2t RES] 9 3F 7]F O E Test 3(30 rpm)= thH]
Test 9(600 rpm)Z Hlwa) B¥ 13} REAE 0.608 = 7+43}
1, 23 BEOME 122812 F718He 891 4= 9ok

Fig. 14~Fig. 16& 7 3A&E 271004 EQ Wisle] op& dg
QAo Wisks UEhd Aotk ok, FRe 21 E% 4R
FAHER EWste] mE Hlud A= Attt Eavt F7t

G4E Agdoate BE sRY AR Frhehe AS 99T
F Atk 982 £57} 30 rpm 219 A9 Fig. 14904 Test

71 10594 1.2281 2, 210904 & 1.628 & 27138 el

T itk

(no torque load) Z7 )4
IJHEE F7b WE A
. oyl ES 3l

A e

325

o
4

o =
o>
ol
S

0 ARE FAARE 52 Bl
R EELRY

= E
E4 9 53 540

=
A
of2
oot

i)
dlo
i

2

ox

=
N
rir
of2
ool
o

fged

ar)

.
ok

ox rfr oix

W Ageate] F7HE sttt

(3) FtEA7} 28 S BAY SHEET} 208 Sk A
oA 24 EY 359 W3}t HElE 20%~60%EA FEO
UER

uebA 71019 AA 9 iAol glofA 7oA A T3
& A AAe B8 FHEA AAE FEA oo}

2.

fu g

o
=
E 5%

References

[1] Blankenship, G. W., Kahraman, A., 1995, Steady State Forced
Response of a Mechanical Oscillator with Combined Parametric
Excitation and Clearance Type Non-linearity, Journal of Sound and
Vibration, 185:5 743-765.

[2] Cai, Y., Watanabe, T., 2000, Transmission Error Analysis of Helical
Gears for Any Load Condition, ASME Power Transmission and
Gearing Conference, 1-7.

[3] Kurokawa, S., Ariura, Y., Ohtahara, M., 1996, Transmission Errors of
Cylindrical Gears Under Load - Influence of Tooth Profile Modification
and Tooth Deflection, ASME Power Transmission and Gearing
Conference, 213-217.

[4] Ishida, T., Hidaka, T., 1992, Effects of Assembly and Manufacturing
Errors on Transmission Error of Planetary Gears, ASME International
Power Transmission and Gearing Conference, 375-381.

[5] Kumagai, K., Nakura, Y., Morikawa, K., Komori, M., 2009,
Transmission Error Prediction Method of Planetary Gears Taking
Account of Alignment Error, MPT2009, 1-6.

[6] Kahraman, A., Blankenship, G. W., 1994, Planet Mesh Phasing in

Epicyclic Gear Sets, International Gearing Conference, 99-104.



Jinseop Song et al.

[7] Inalpolat, M., Kahraman, A., 2010, A Dynamic Model to Predict
Modulation Sidebands of a Planetary Gear Set Having Manufacturing
Errors, Journal of Sound and Vibration, 329:4 371-393.

[8] Boguski, B. C., 2010, An Experimental Investigation of the
System-level Behavior of Planeatry Gear Sets, A Thesis for a Master,
Ohio State University , USA.

[9] KISSsoft, 2011, KISSsoft User's Manual, KISSsoft AG.

[10] Song, J., Lee, G. H., Park, Y. J., Bae, D. S.Lee, C. H., 2012,
Development of Gear Stiffness Module for Multi-Body Dynamic
Analysis on Gears, Korean Society of Manufacturing Technology
Engineers, 21:1 130-136.

[11] Gregory, R. W., Harris, S. L., Munro, R. G., 1963, A Method of
Measuring Transmission Error in Spur Gears of 1:1 Ratio, J. Sci.
Instrum, 40:1 1-5.

[12] Bard, C., Remond, D., Play, D., 1996, Dynamic Transmission Error of
Cylindrical Gears Comparison of Experimental Measurement and
Numerical Calculation, ASME Power Transmission and Gearing
Conference, 1-8.

[13] Houser, D. R., Play, D., 1996, Methods for Measuring Gear
Transmission Error Under Load and at Operating Speeds, International
Off-Highway & Powerplant Congress and Exposition, 1-10.

[14] Kurokawa, S., 1999, High Precision Measurement and Analysis of
Transmission Errors of Gears Under Load, 4th World Congress on

Gearing and Power Transmission, 1-11.

326

[15] Makam, S., 2010, Experimental Investigation of System-level Effects
on Automotive Hypoid Gear Pairs, A Thesis for a Master, Ohio State
University , USA.

[16] Schmitkons, A. W., 2005, Loaded Bevel Gear Static Transmission
Error Test Stand Redesign and Assessment, A Thesis for a Master, Ohio
State University , USA.

[17] Wright, Z. H., 2009, Loaded Transmission Error Measurement System
for Spur and Helical Gears, A Thesis for a Master, Ohio State
University, USA.

[18] Inapolat, M., Kahraman, A., 2009, A Theoretical Experimental
Investigation of Modulation Sidebands of Planetary Gear Sets, Journal
of Sound and Vibration, 323:3-5 677-696.

[19] Inapolat, M., Kahraman, A., 2010, A Dynamic Model to Predict
Modulation Sidebands of a Planetary Gear Set Having Manufacturing
Errors, Journal of Sound and Vibration, 329:4 371-393.

[20] McFadden, P. D., Smith, J. D., 1985, An Explanation for the
Asymmetry of the Modulation Sidebands About the Tooth Meshing
Frequency In Epicyclic Gear Vibration, Proceedings of the Institution
of Mechanical Engineers Part C - Journal of Mechanical Engineering
Science, 199:C1 65-70.

[21] Bodas, A., Kahraman, A., 2004, Influence of Carrier and Gear
Manufacturing Errors on the Static Load Sharing Behavior of Planetary
Gear Sets, JAME International Journal, 47:3 908-915.





